Abstract The ability to form and control both secondary structure and oligomerization in short peptides has proven to be challenging owing to the structural instability of such peptides. The conantokin peptides are a family of c-carboxyglutamic acid containing peptides produced in the venoms of predatory sea snails of the Conus family. They are examples of short peptides that form stable helical structures, especially in the presence of divalent cations. Both monomeric and dimeric conantokin peptides have been identified and represent a new mechanism of helix association, ''the metallozipper motif'' that is devoid of a hydrophobic interface between monomers. In the present study, a parallel/antiparallel three-helix bundle was identified and its crystal structure determined at high resolution. The three helices are almost perfectly parallel and represent a novel helix-helix association. The trimer interface is dominated by metal chelation between the three helices, and contains no interfacial hydrophobic interactions. It is now possible to produce stable monomeric, dimeric, or trimeric metallozippers depending on the peptide sequence and metal ion. Such structures have important applications in protein design.
Introduction
The a-helix is one of two ubiquitous structural motifs on which virtually all protein and peptide structures are based. However, it has been notoriously difficult to produce short a-helical peptides because the structural stability of virtually all such helices depends upon hydrophobic packing of the helix against an adjacent structure [1] . Alternative strategies for stabilizing the a-helical conformation find broad interest in a number of fields, including de novo protein and peptide drug design. There is also significant interest in the production of stable, predictable, and homogeneous peptide helix oligomers [2] [3] [4] [5] [6] [7] [8] [9] [10] . The use of metal ions in stabilizing peptide helices [11] [12] [13] [14] and helix oligomers [15] [16] [17] [18] has been applied with significant success, but all of these structures still largely rely on the hydrophobic effect for their stability, and high-resolution structural information has been lacking for most. Clearly, a system that produces highly ordered, predictable helical oligomers in the absence of the hydrophobic effect could find wide use in protein design applications.
Conantokin-G (con-G) is a 17-residue peptide found in the venom of the predatory marine snail Conus geographus [19] . In mammals, con-G antagonizes ion flow through the glutamate/glycine activated N-methyl-D-aspartate receptor (NMDAR) ion channels, the dysfunction of which is linked to several chronic and acute neuropathological disorders [20] . Con-G has c-carboxyglutamic acid (Gla) residues at positions 3, 4, 7, 10, and 14, although only Gla4 is absolutely required for NMDAR activity (Table 1 ) [21] . In the absence of metal ions, con-G has no significant secondary structure. However, a variety of metal ions (Cd 2? , Mn 2? , Hg 2? , Mg 2? , Ca 2? , and others) induce con-G to adopt a stable helical conformation throughout its length [22] . Ca 2? binding additionally results in the formation of an antiparallel dimeric structure [23] . We have called such metal-dependent helix interaction motifs ''metallozippers'' [24, 25] .
Another member of the conantokin family, conantokin-T (con-T), shares some sequence identity with con-G and contains Gla residues at positions 3, 4, 10, and 14 (Table 1) . However, several primary and secondary structural differences exist between the two peptides. Position 7 is occupied by a Lys in con-T as opposed to a Gla in con-G. Whereas con-T does not undergo Ca 2? -induced selfassembly, replacement of the Lys at position 7 with a Gla, to yield the variant con-T[K7c], results in a peptide that does form an antiparallel helix dimer in the presence of Ca 2? [23] . Even though con-G and con-T share significant sequence homology and behave similarly in biochemical assays, our crystal structures of the peptides bound to Ca 2? have shown that the dimerization interface of Ca 2? /con-T[K7c] is not similar to that of Ca 2? /con-G [24] . Both peptides form antiparallel helix dimers that are stabilized by Ca 2? -mediated chelation, but the relative orientations of the helices, as well as the Ca 2? coordination in the interface, are completely different. The two helices of con-T[K7c] are almost parallel and make significantly more cross-helix interactions, consistent with the higher Ca 2? binding affinity of con-T[K7c], whereas the two helices of con-G are rotated significantly, more reminiscent of a coiled-coil structure. We hypothesized that this radical difference is due to the conformation of the conserved residue Gln6. Therefore, in this study, the critical residue, Gln6, was mutated to Ala in con-G to test this hypothesis. We report herein the X-ray crystallographic structure and metal binding properties of the Ca 2? /con-G[Q6A] complex, which forms a unique, parallel/antiparallel three-helix bundle structure stabilized exclusively by metal coordination, and devoid of any hydrophobic interactions in its interface. This further demonstrates the potential of these peptides to produce very novel helical structures.
Materials and methods
Peptide synthesis, purification, and characterization Synthesis, purification, and characterization of con-G[Q6A] were performed analogously to previously described methods [22] .
Crystallization
The lyophilized solid of con-G[Q6A] was dissolved in 50 mM CaCl 2 /100 mM tris(hydroxymethyl)aminomethane-HCl, pH 8.0, to a concentration of 15 mg/ml. Crystals were grown at room temperature by the hanging drop vapor diffusion method by mixing equal volumes of the protein solution described above with the reservoir solution containing 30% PEG monomethyl ether 5,000/0.1 M 2-morpholinoethanesulfonic acid (MES) pH 6.5/0.2 M (NH 4 ) 2 SO 4 . The crystals appeared within 4 days.
Data collection
The crystals were briefly soaked in a solution containing 30% PEG monomethyl ether 5,000/0.1 M MES pH 6.5/ 0.2 M (NH 4 ) 2 SO 4 /30% glycerol at room temperature and were flash-frozen by immersion in liquid nitrogen. Data were collected at the Advanced Photon Source LS-CAT 21-DG at Argonne National Laboratory using radiation with a wavelength of 0.9785 Å and were processed and scaled using the HKL2000 [26] suite of programs to a resolution of 1.4 Å in the monoclinic space group P2 1 . The crystal-to-detector distance was 120 mm and 360°of data were collected with an oscillation of 1°. The crystal parameters and data collection statistics are listed in Table 2 .
Structure determination
The phases were determined by molecular replacement using the program Phaser [27] and the Ca 2? /con-G 
Refinement of con-G[Q6A]
Rigid-body refinement using the Refmac5 [28] (CCP4 [29] suite of programs) resulted in an R work of 45.74% and an R free of 43.07%. Six Ca sites were located in the F o -F c map contoured at 8r (Fig. 1) . Subsequent refinements of all three molecules of con-G[Q6A] after adding six Ca 2? and 75 waters using anisotropic refinement produced a final R work of 14.54% and R free of 18.26%. Refinement statistics are listed in Table 2 .
Analytical ultracentrifugation
The average molecular weights of apo, Ca 2? -, and Cd 2? -saturated con-G[Q6A] were determined by sedimentation equilibrium in a Beckman XL-I analytical centrifuge. All experiments were conducted at a con-G[Q6A] concentration of 200 lM in the absence and presence of CaCl 2 (40 mM) or CdCl 2 (5 mM). The buffer consisted of 10 mM sodium borate/100 mM NaCl, pH 8.0. Samples were rotated at 20°C at speeds of 42,000 and 52,000 rpm. Scans were conducted in absorbance mode at 237 nm. On the basis of the amino acid composition, a partial specific volume of 0.701 ml/g was calculated for con-G[Q6A]. For this purpose, Gla residues were assigned the partial specific volume of Glu (0.66 ml/g). Molecular weights (± the standard deviation) determined from the data were obtained using the single ideal species model included in the Beckman XL-I software and represent the average of duplicate runs of four scans each at the two indicated rotor speeds.
Isothermal titration calorimetry
Heat changes accompanying the binding of Ca 2? and Cd 2? to con-G[Q6A] were measured using a VP-ITC calorimeter (MicroCal, Northampton, MA, USA). Peptide (0.1-0.4 mM) was dissolved in 10 mM sodium borate/ 100 mM NaCl, pH 8.0 and added to the reaction cell. Solutions of titrant CaCl 2 or CdCl 2 (in 25-50-fold molar excess of the peptide sample) were prepared in the same buffer and delivered into the reaction cell at 3-min intervals in 5-10-ll increments. To correct for heats of dilution of the titrant, the heat changes resulting from addition of the titrant to the buffer were subtracted from the raw heats. The integrated heats were then deconvoluted for the best-fit model using the ORIGIN program supplied by MircoCal. The values of the parameters (n, K d , DH) thus obtained 
Results
The overall structure of the Ca 2? /con-G[Q6A] complex is shown in Fig. 1 . The length of all three con-G[Q6A] helices is approximately 26 Å . A total of six Ca 2? and 75 water molecules were included in the model. Alternative side-chain conformations were modeled for residues Ile12, Lys15, and Ser16 of helix A and residues Leu5 and Ser16 of helix B. The C-terminal amide is present in all three helices.
The structure of the helical trimer The high-resolution crystal structure shows that instead of the expected antiparallel helical dimer, a parallel/antiparallel trimer is formed. Figure 1a shows that two of the helices (helix A and helix B) are in an antiparallel orientation, whereas helix A and helix C have a parallel orientation. Helix B and helix C are necessarily also orientated in an antiparallel fashion. The axes of the three helices in the trimer are orientated almost parallel to one another. Four of the Gla residues (3, 7, 10, 14) are present on one face of the helix, specifically the Ca 2? coordination interface, whereas Gla4 resides on the opposite side of the helix and is not involved in Ca 2? coordination. In the presence of Ca 2? , wild-type con-G forms an antiparallel dimeric structure with helix A and helix B where helix B is rotated reminiscent of a coiled coil [24] . The same naming convention is used here where the antiparallel helices are labeled helix A and helix B, with the third helix designated helix C. If each helix is viewed in isolation, the Ca 2? coordination is also very similar to that seen in both the con-G/Ca 2? and con-T[K7c]/Ca 2? structures, with two Ca 2? bound to each helix by bidentate coordination via Gla3, Gla7 and Gla10, Gla14, respectively, and we will therefore preserve the Ca labeling as previously described for the Ca 2? /con-T[K7c] and Ca 2? /con-G structures (Ca1A is coordinated by Gla3 and Gla7 of helix A, Ca2A is coordinated by Gla10 and Gla14 of helix A, and Ca1B, Ca2B, Ca1C, and Ca2C are similarly coordinated by helix B and helix C, respectively; Fig. 2 ) [24] . Figure 1a shows that the calcium ions from the three helices interdigitate perfectly with a helix B calcium, a helix A calcium, and a helix C calcium following in order. It is thus the calcium ions that interlock to produce the metallozipper motif.
The trimer interface is dominated by intermolecular Ca 2? coordination between the three helices (Fig. 2) . All six Ca 2? are seven-coordinate and all six coordinate with at least one water molecule. Figure 2c shows that Ca1B coordinates with only two helices, helix A (Gla14) and helix B (Gla3 and Gla7), and with two waters (W1 and W72) (Fig. 2c) . Ca1C coordinates exclusively with the two parallel helices (Gla3 of helix A and Gla3 and Gla7 of helix C) and two water molecules (W8 and W29) (Fig. 2e) . Therefore, the calcium ions that define each end of the interface, Ca1B and Ca1C, coordinate with only two of the three helices and both coordinate with helix A. The four calcium ions that define the interior of the interface, Ca1A, Ca2A, Ca2B, and Ca2C, coordinate with all three helices in the trimer. Ca1A coordinates with helix A (Gla3 and Gla7), helix B (Gla14), helix C (Gla7), and with water W4 (Fig. 2a ). Ca2A coordinates with helix A (Gla10 and Gla14), helix B (Gla7), helix C (Gla14), and water W7 (Fig. 2b ). Ca2B coordinates with Gla7 of helix A, Gla10 and Gla14 of helix B, Gla10 of helix C, and with water W2 (Fig. 2d) . Figure 2f shows that Ca2C coordinates with Gla14 of helix A, Gla10 of helix B, Gla10 and Gla14 of helix C, and one water (W7). In addition to the metal coordination, Arg13 from each of the three helices forms a salt bridge with one of the adjoining helices (Arg13 of helix A with Gla3 of helix B, Arg13 of helix B with Gla3 of helix A and Arg13 of helix C with Gla14 of helix A). Figure 3a shows all three helices overlayed. Although a few subtle changes are noticeable, viz., Glu2 in helix B has a different conformation from that seen in helix A and helix C, Gla10 moves slightly between all three helices, and Leu5 and Gln9 of helix B are also different, these conformational differences are all outside the trimer interface. Figure 3b shows all three helices overlayed with native con-G. Again, although con-G residues Glu2 and Gln9 have conformations different from the conformation seen in con-G[Q6A], all other residues, including all the residues within the interface, are similar. Arg13 is in exactly the same position in all structures.
Determination of the aggregation state in solution by analytical ultracentrifugation
To determine if the forces mediating the trimeric form of Ca 2? -complexed con-G[Q6A] in the crystal also operate in solution, we performed sedimentation equilibrium ultracentrifugation on con-G[Q6A] in free and Ca 2? -saturated states. The apo form of the peptide was determined to have a molecular weight of 2,560 ± 150, in good agreement with the calculated molecular weight of 2,208 that was obtained from the primary sequence. In the presence of 40 mM Ca 2? , the molecular weight increased to 4,380 ± 80. This value is clearly not reflective of the trimeric form of the peptide, but is consistent with the presence of a dimer, as has been observed for the Ca 2? -saturated forms of other conantokins, including con-G and con-T[K7c] [22, 23] . This discrepancy between the molecularity of Ca 2? -bound con-G[Q6A] in the solution and crystalline states may be reflective of packing interactions in the crystal lattice that cannot be recapitulated in solution. To ascertain if con-G[Q6A] has the capability of forming higher-order complexes, we performed sedimentation equilibrium ultracentrifugation on the peptide in the presence of Cd 2? (Fig. 4) . In the case of con-T[K7c], this metal ion, like Ca 2? , was shown to trigger dimer formation of the peptide [25] . However, the binding affinity of Cd were also occurring with con-G[Q6A], then the stronger (Fig. 5) . The sequential binding model provided the best fit for the isotherms accompanying both metal ion titrations from which binding parameters were obtained by constraining the metal ion stoichiometries to 2.0 and 3.0 for Ca 2? and Cd 2? , respectively (Fig. 5) stoichiometry of 6 for the dimeric form is insufficient to account for the observed molecular weight. The thermodynamic parameters are tabulated in Table 3 .
A possible contributor to the apparent stability of the Cd 2? -induced trimeric solution state of con-G[Q6A] may relate to the increased stability of the Cd 2? -bound helical form compared with the Ca 2? -bound counterpart. As shown in the circular dichroism spectra in Fig. 6 , both metal ions induce helix formation in the unstructured apopeptide. However, the helical content of con-G[Q6A] in required to effect maximal helical content is much less than that observed with Ca 2? . Fits of these titration data to obtain the effective total concentrations of Ca 2? and Cd 2? corresponding to 50% of the maximal change in ellipticity at 222 nm (i.e., EC 50 ) yielded values of 560 ± 70 lM for Ca 2? and 51 ± 13 lM for Cd 2? . This tenfold concentration difference for helix induction roughly parallels the K d values obtained from the direct binding experiments conducted by ITC.
Discussion
Our original assumption was that removal of the Gln6 side chain would allow con-G to adopt a con-T[K7c]-like antiparallel helix interface, which would be preferred over the lower-stability con-G-like interface. An overlay between helix A of the con-G[Q6A] trimer and helix A of the con-G dimer structures (Fig. 7a) shows that indeed helix B does not overlay, nor do the calcium ions predominantly coordinated to the helix B Gla residues (Ca1B and Ca2B). Only Ca1A and Ca2A, the calcium ions associated with the Gla residues of helix A, overlay relatively well. On the other hand, when helix A of con-G[Q6A] is overlayed on helix A of con-T[K7c], the helices B also overlay quite well (overall root mean square deviation of 0.62 Å for all Ca atoms), as do all four calcium ions (Ca1A, Ca2A, Ca1B, and Ca2B) found in this interface (Fig. 7b) , proving that con-G[Q6A] does indeed produce an antiparallel helix-helix interaction that is very similar to that of con-T[K7c], as we expected. It is therefore clear that the presence of the Gln6 side chain prevents the con-T[K7c]-like interface from forming in the case of con-G and that removal of this side chain allows the formation of the more stable antiparallel helix interface. As described previously, the reason for this selectivity is that Gln6 flips into the interface, coordinating Ca2B, and thus interfering with the con-T[K7c]-like interface by colliding with Arg13 (Fig. 7c) . Gln6 is flipped out of the interface in con-T[K7c], which allows the more stable interface. We suspect that it is this dimer, between helix A and helix B, that constitutes the calcium-bound dimer seen in solution.
Although our prediction regarding the importance of the conformation of Gln6 is accurate, we were surprised to find that the mutant forms a trimer in the crystal. Because the interfaces between helix A and helix B of both con-G ion leads to a significantly larger negative enthalpy change and a much smaller entropy change than binding of the other metal ions. Given that the peptides are at 0.2 mM concentration, the same concentration used in the area under the curve experiments, and the fact that the structure shows intimate involvement of two metal ions from each helix in both the trimer and the dimer, the binding of the second metal ion may correspond to oligomerization in each case. Therefore, the increased stability of the trimer with Cd 2? is likely due to the more negative enthalpy of the metal/peptide interaction, and that entropy favors metal binding far more than it favors trimerization. This seems to indicate that Cd 2? prefers coordination to the negatively charged carboxylate groups of the Gla residues over water, giving a negative enthalpy change upon peptide binding, whereas Ca 2? has little preference for water over Gla, resulting in very small enthalpy change upon binding. This is not unexpected as the electronegativity of cadmium is higher than that of calcium (1.6 vs. 1.0) and thus Cd 2? may interact more strongly with the negatively charged carboxylate than with the neutral water ligand. Figure 8 schematically represents con-G, con-T[K7c], and con-G[Q6A] dimer and trimer interfaces and illustrates the larger number of carboxylatemetal interactions in the trimer relative to the dimers.
Virtually all helix-helix interfaces are predominantly hydrophobic in nature, consisting of hydrophobic groups inserting into the empty spaces in the partner helix. Although there are examples of helix dimers that are partially stabilized via metal ion coordination, the interfaces are still predominantly hydrophobic [13, 14] . The conantokin peptides have provided a new paradigm in helix-helix association, the ''metallozipper'' that consists of an interface that is almost exclusively due to metal ion coordination, and has no hydrophobic contacts between helices. The resultant helix dimers are remarkably stable, especially given the length of peptide, and are readily amenable to high-resolution structural analysis, which is rare for short peptides. In addition, we have found that single amino acid changes in these peptides can give rise to quite different helix orientations and altered metal coordination interfaces. Here we have shown that the metallozipper motif can be expanded to produce a parallel/antiparallel helix trimer. This helix trimer consists of three helices that are in an almost perfectly parallel orientation, which to our knowledge is completely novel in three-helix bundles.
The parallel/antiparallel three-helix bundle we have produced is held together almost exclusively by metal coordination, with no hydrophobic interactions in the helix interface. The metal ions from each of the three helices perfectly interdigitate forming an almost linear sequence of metal ions that define the helical interface. The fact that the helices are almost perfectly parallel (or antiparallel) to one another, and the interdigitation of metal ions leave open the possibility that longer trihelical metallozippers could be made by extending the peptide motif over more turns of the helix. This is, to our knowledge, a novel type of peptide trimer. Our ability to control helix orientation and oligomerization state via amino acid changes in the metallozipper assemblies makes them of great use to the protein design community. The ease with which high-resolution crystal structures can be produced also makes this system ideal for rational design applications. -bound structures
